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I     INTRODUCTION 

At  present,   the   interaction of ocean  surface waves   in the  capillary 

and  short  gravity  range with   Internal  waves,   and  In particular   the manner 

and  degree with which   suiface  currents modulate  surface waves and  influence 
. r-,   -if 

radar backscatter, are being investigated from a theoretical viewpoint. »" 

To date, most experimental investigations in the area of internal-wave/ 

surface-wave interactions have been concerned with long gravity waves. 

This report summarizes the results of an experimental inquiry that investi- 

gated how induced currents affected microwave backscatter. 

Details of the experimental setup will be discussed in Section II. 

In the experiment, interval waves of the type that might be expected to 

propagate along thermoclines in the ocean were simulated in a wind-wave 

tank by water flow over a sinusoidally corrugated "false bottom." The 

false bottom induced periodic variations in water velocity with position 

in the tank, when a constant flow rate was produced by a mechanical pump; 

typical mean flow rates were on the order of 20 cm/s in either direction. 

Various constant wind speeds between 3.6 m/s and 12 m/s were used to 

produce a variety of "sea states" in the tank.  T^e water surface was 

illuminated by horizontally polarized X-band and K -band radars.  The 
a 

backscattered signal was coherently detected, and analyzed to determine 

cross sections, the mean Doppler shift, and the Doppler spread.  The 

variations of these quantities with wind speed, mean water flow velocity, 

and position over the false bottom were observed.  In addition, data from 

References are listed at the end of the report. 
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resistance-wire wavestaffs were used   to  compute   the   temporal  power-spectral. 

density   (PSD)  of wave-height   fluctuations  at  various positions along  the 

false   bottom.     These   results will   be  presented   in  Section   III,   and  dis- 
I 

cussed   further   in Section  IV. 

' 
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II  DESCRIPTION OF EXPERIMENT 

The SRI wind-wave tank is 9.1 m (30 ft) long and has a cross section 

of 1.83 m by 1.83 m (6 ft X 6 ft).  The salinity of the water in the tank 

was adjusted to that of ocean water.  In this experiment, surface currents 

were induced by pumping water over a shallow section 3.05 m (10 ft) long, 

and 1.83 m (6 ft) wide, as shown in Figure 1.  The shallow section was 

corrugated with a wavelength of 1.22 m (4 ft), so that the mean induced 

current varied in a sinusoidal manner.  The false bottom varied 5.08 cm 

(2 inches) peak-to-peak, s. when the water depth was 17.8 cm (7 inches) 

at the shallowest position and 22.9 cm (9 inches) at the deepest, the 

induced current, which should vary inversely as v.'.ter depth, varied about 

25%.  The actual current variation was measured with a hot-film anemometer 

for a variety of conditions.  Care was taken to minimize the buildup of 

organic matter on the anemometer probe; organic matter can introduce 

serious errors in water flow measurements,  It was found that a conical 

sensor, when used properly, gave excellent results.  A pump, with a pump- 

ing capacity of about 3850 liters (1000 gallons) per m.nute, produced a 

mean current that was affected somewhat by wind speed, as described in 

the next section. 

3  3  . 
Two adjustable blowers, with a total capacity of 1.7 X 10 m /mm, 

were used to blow wind over the surface of the water at mean velocities 

up to 12 m/s near the top of the tank.  The maximum velocity that could 

be achieved using these blowers was about 18 m/s.  Wind speed was measured 

with a hot-wire anemometer. 

Coherent microwave radars, operating at 9.6 GHz (X-band) and 31 GHz 

(K -band) were installed in the wind-wave tank.  These radars were 

■ 
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operated   in  the  backscatter mode.     The polarization of   the   incident  and 

received  radiation was horizontal.     The  coherent  radars allowed cross- 

sections and  spectra   to  be measured at  various positions along  the  cor- 

rugated  false  bottom.     Data   from   the  radars were analyzed  in real   time 

with   the aid of a  data  acquisition  system,   consisting of an A-to-D 

converter  controlled  by a  Hewlett-Packard  2100 computer  system.     A 

sampling rate of 400 Hz was  used,  and  twenty   1024-poJnt   spectra were 

averaged   for  each  experimental  condition. 

Direct wave-height measurements were made with  resistance-wire wave 

staffs   that were  driven with ac   signals  from  electronic  bridge  circuits. 

The wavestaff  system and   its  use   in measuring wave-height  fluctuations 

have  been described  in detail  previously.       Temporal  PSDs  of wave-height 

fluctuations were  computed   in real   time,   using   the  data acquisition system, 

at  various positions  along   the   false  bottom.     As   in  the  case  of   the  radar 

data,   these  PSDs  consisted  of averages of   twenty  1024-point  records. 

The wavestaff  data were   taken at positions  on  the water  surface   that were 

Illuminated by  the  radars,   in order   to permit  comparison of   the  radar 

data  with wave-height  data.     In addition,   cross-spectra  between spatially 

separated wavestaffs were  computed   in order   to establish   the  phase 

velocity of   the waves under  various wind and water-flow conditions. 

^mm -'   : 
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Ill     RESULTS  AND  DISCUSSION 

A.       Wlnd-Profllo   Measuroments 

The variation of wind  velocity with distance   above   the water,   for 

nominal wind  velocities,   U   ,  of  5 and   10 m/s  near   the   top  of  the   tank, 
N 

was measured with  a  hot-wire anemometer,   and   is   shown  in Figure  2   for 

points within  20  cm  of   the  surfaci:;   the   logarithmic   variation oi wind- 

speed  near   the  surface   specifies   the   frictional   velocity,  u^,  of   the 

wind,   and  is   the wind  characteristic   that   should   be  used when comparing 

measurements   in different   facilities,   or on  the  ocean  surface.       For 

U    values of  5  and   10 m/s,   the  frictional  velocities wer3  19  cm/s  and 
N 

WIND SPEED, U -   m/s 

3 4 5 6 

20 

Lb 
0 
< 
u. 

on 

5 

< 

3 

v • ^ U.   ■ 43 CPI/S 

u A 
\ 

U10m ■ 13-1  Cm/S 

UN " 10 m/$ s* LOWER 
SCALE 

7 8 

WIND SPEED, U — m/s 

SA-3539-7 

FIGURE 2      VARIATION  IN WIND SPEEJ  ABOVE THE WATER  SURFACE  IN THE WIND- 

WAVE  TANK 
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43  cm/s,   respectively.     These values would correspond   to wind  velocities 

in  the open ocean at  a height  of  10 m above  the   surface,  U,.   ,   of 

b.8 m/s   (13.2 knots)  and   13.1 m/s   (22.5 knots),   respectively. 

B.       Wa tor-Flow  Measurements 

Flow measurements  were made with a   conical  hot-film anemometer  probe 

located  5.1   cm   (2   inches)   below  the mean water  surface.     This was done   in 

order   to   find  the  variation  in drift  velocity  near   the  surface with  posi- 

tion along  the   false  bottom for  the  various   flow  conditions.     It was   not 

practicable  to  directly measure   the   velocity  closer   to   the  surface, 

because   in  the presence  of   the  large-amplitude  surface wavet,   the probe 

would  not  stay   'jubmerged all   the  time,   and erroneous measurements would 

result. 

The  current  distributions   in   the absence of wind,   for pump-induced 

flow  toward  the beach,   and  flow away   from  the beaci,   are  shown  in 

Figure  3.     The   expected  sinusoidal   variation   in  f'ow velocity due  to 

the  sinusoidally  corrugated  false  bottom   is  clearly  seen in  this   figure; 

FLOW AWAY  FROM BEACH 

FIGURE : 

FLOW TOWARD BEACH 

3 4 5 6 7 8 

POSITION ALONG  FALSE BOTTOM — ft 

U ■ 22 cm/s 

U = 18 cm/s 

J L 
10 

SA-3539-8 

INDUCED CURRENT OVER  FALSE  BOTTOM, MEASURED 2  INCHES BELOW 
MEAN SURFACE WITH  NO WIND 
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the maxima  and minima   in  the velocity  distributions  correspond  to  the 

maxima  and minima  of   the   false bottom,   respectively.     The mean velocities 

were about  18 cm/s   for  flow  toward   the  beach,   and  about  -2?  on/s   for  flow 

away   from   the  beach   (the  variation  in mean  flow velocity   in  the  two  direc- 

tions   is  due  to plumbing and pump  characteristics).     From vertical-profile 

data,   it was  inferred   that   the wind   induced additional   surface  currents of 

5  cm/s  and  10 cm/s when U    was  5 m/s  and   10 m/s,   respectively.     The   term 
N 

"surface" current refers to conditions about half a centimeter below the 

actual surface.  Closer to the surface, the wind will dominate the actual 

current. 

C.  Radar Measurements 

1.   Bragg Scatter 

Bragg scatter theory predicts that, at an incider.t angle of 

6, an electromagnetic wave of wavelength K     will backscatter from waves 
m 

on the surface of wavelength K   , where K     is given by: 
w        w 

X    = X   /(2 cos Q) 
w   m 

w 
k 2 cc . 
m 

where the subscript m refers to microwave, and the subscript w refers to 

water waves.  The corresponding wavelengths and wavenumbers k for the 

two frequencies and two angles of incidence for which measurements were 

made are summarized in Table 1. 

If the water waves are traveling as "free" waves at the disper- 

sion velocity, as shown in the Appendix, the corresponding velocity will 

be U(f), also listed in Table 1.  The frequency at which such a wave 

would appear if there were no mean drift current is also listed. 

„ __ „—„   
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Table 1 

SUMMARY OF SCATTERING PARAMETERS 

X-Band Ka-B and 

(Nn 3.C   cm) (™       1 .0  cm) 

9  .   45' e    7cr 45° D  -   70J 

\   ,   cir 2.12 4.38 0.707 1.46 

ky,   cm" 2.96 1.43 3.89 4.29 

U(f),   cm/s 23.5 28.5 21 23 

f,   Hz, 
assuming  no 
drift 

11.1 6.2 38 16 

current 

The Doppler frequency that can be expected is 

2U cos 9 
f  = -I  = U A 
D    X       r w 

At  first glance  the   last expression makes   the  Doppler   shift appear   inde- 

pendent of  incident  angle,   but  it   is  not,   of course,   since  the wavelength 

responsible   for  scatter  depends on 9.     UT  is   the   total  velocity with 

which   the waves  responsible  for  the  scattering are moving.    The  data 

will  be  examined  in a   later  section  to  determine   if   this velocity   is 

the velocity of  the  dominant wave  or   the  velocity   specified by  the 

dispersion relation  for  capillaries  of   the appropriate wavelength. 

2.       Cross-Section Variations Along False  Bottom 

Backscatter measurements were made at  eight positions along 

the  center  of  the wave tank  for an  incident angle  of 45°.     The antenna's 

■ 
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-3 dB width  on  the water   surface along  the   length of   the   tank  covered 

about  one  foor. along  the   false  bottom.     Measurements were made  for wind 

speeds  of  5 m/s  and  10 m/s  and   for  three  water-flow  conditions.    Tbc 

flow conditions     .ed were  "no   flow"   (pump   turned  off),   "flow with w.nd" 

(pumping  toward   the-  beach),   and  "flow against wind"   (pumping away  from 

the beach).     Typical  power  spectral plots  are  shown  in Figures 4 and  5 

for one wind  condition.     Mote   that each of   these plots   is  an average  of 

twenty  1024-point records.     The  dynamic   range   in each  case   is at  least 

40 dB.     Figures 4 and  5 were measured with   the  radar patch  over  the 

maximum  in the   false bottom   that  is   the  closest  to  the  beach.     The 

radar  cross   section   (which   is  proportional   to  total  received power) 

was  calculated at eight positions along   the   false  bottom.     The cross 

sections were  obtained by   integrating under  the power-versus-frequency 

curves,   when plotted with a   linear  vertical  and horizontal   scale.     This 

allowed a nuasurement   that was  less  contaminated  by noise  spikes and 

spuriors   tark reflections,   since  such  spurious contributions  could be 

identified  in  the  spectra  and omitted  from   the  Integration.     Typically, 

the probable  error  in a  cross  section measurn.ment   is  estimated  to  be 

less   than  2  dE.     On  the  average,   for   these wind and   flow  conditions 

flow against wind  tends   to produce  the  largest cross  section,  while 

flow with wind  tends   to produce  the  smallest  cross   section. 

In order  to remove possible  variations   in  the   flow with wind 

and  flow against wind measurements  due  to  day-to-day   systematic errors, 

the cross-section data  were  normalized  to   the  no   flow   (i.e.,  pump   turned 

off)  results.     The  resulting data are  plotted  in Figures  6   through 9. 

The x coordinate  in  these   figures  is measured  in  feet  relative  to  the 

leading edge  of  the   false  bottom.     A  tendency of  the   flow-against-wind 

cross  section  is  clearly  seen in Figures  6,   7,   and 9.     The  two cross 

sections  are  quite  similar  in Figure   8,   although  both   tend  to  increase 

with   increasing  fetch.     For a  5 m/s wind  at X-band,   no variation is 

observed  for  flow against  the wind and a   2 dB decrease near  the  leading 

10 
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WIND 
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DISTANCE ALONG FALSE BOTTOM — ft 
SA-J539-11 

FIGURE 6      VARIATION  OF  X-BAND CROSS SECTIONS WITH  DISTANCE  DUE TO 5-m/s 
WIND, NORMALIZED BY THE CROSS SECTION  FOR  NO  FLOW 
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FIGURE 7      VARIATION OF  X-BAND CROSS SECTION WITH  DISTANCE DUE TO 10-m/l 
WIND,  NORMALIZED BY THE CROSS SECTION  FOR  NO  FLOW 
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4 5 6 7 

DISTANCE ALONG  FALSE BOTTOM — ft 

SA-3539-13 

FIGURE 8      VARIATION  OF   Kg-BAND CROSS SECTION WITH  DISTANCE DUE TO 5-m/s 
WIND, NORMALIZED  BY THE CROSS SECTION   FOR  NO  FLOW 

4 5 6 7 

DISTANCE ALONG  FALSE BOTTOM— ft 

SA-3539  14 

FIGUFE 9      VARIATION OF  Kg-BAND CROSS SECTION WITH  DISTANCE  DUE TO  10-m/s 
WIND, NORMALIZED  BY THE CROSS SECTION   FOR  NO  FLOW 
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edge  of   the  false bottom   is   seen  for   the opposite   flow condition.     At 

K  -band with a  5 m/s wind,   a  2-dB decrease  near  the  leading edge   is 
a 

observed  for   flow with   the wind and a  3-dB decrease  near   the  leading edge 

is  seen  for   the opposite   flow  condition.     On  the average,   for  10 m/s 

wind at X-band,   the  cross-section data   for  flow against   the wind   is about 

2-dE higher  than for   flow with   the wind.     The ratio  of   flow-against-wind 

cross  section  to  flow-with-wind  cross  section  in Figure  9   (K    band, 
a 

10 m/s)   is at most about  4 dB.     This   is   the  largest  change   that  is  seen 

in Figures  6   through  9   for   the  various   flow conditions.     Since  the change 

in mean water velocity  between  the   two   flow conditions   is  about 40 cm/a, 

it   is perhaps  not  surprising  that any  change   in cross   section due   to 

the  5  cm/s  change   in  flow caused  by  the  corrugated   false  bottom  is  not 

visible  in  these  figures. 

. 

3.       Doppler  Shift  and  Doppler  Spread Along  False  Bottom 

The  Doppler   shift  data   shows  no  readily  identifiable  systematic 

variation with position along  the   false  bottom;   the mean  Doppler-shift 

data and  the  standard  deviation of  the data are  summarized  in Table   2. 

The  quantities  in this   table as well  as   those  in Table  3 have been  taken 

over all   the measurements  along  the   false  bottom—that   is,   the means and 

standard  deviations are   spatial averages  taken along  the   false bottom. 

The principal  effects  are  the  comparatively  small   Doppler  shift associated 

with   the  flow-against-wind  cases,   the  larger  shifts  associated with   nhe 

no-flow cases,  and  the   largest  shift   in the  flow-with-wind  cases.     This 

is,  of course,  due  to  the  fact  that  the waves are being convected by 

the  surface  current.     The  surface waves move   toward  the  beach   in all 

cases. 

15 

— — ■■—    — - .— ÜMlMiMWtt _uut.—, 



m i     IIJJWHP ■ IlllJIIIJillJI I    |M ,"1 MM ^",l" ll1 •l"1" 

Table  2 

MEAN  AND  STANDARD  DEVIATION  OF  DOPPLER  SHIFT 
ALONG  FALSE   BOTTOM 

(Flow conditions are   the   same as  for data 
in Figures  6   through  9) 

Condition 

Doppler   Shift 
(Mean ±   Standard Deviation) 

(Hz) 

X-Band K -Band 
a 

5 m/s 

no   flow 
-10.7  -   0.5 -43.8 =  2.6 

5 m/s 
flow with wind 

-15.3  +   0.9 -65.8 = 4.2 

5 m/s 
flow against wind 

-4.1   +   0.6 -16.6 =  2.2 

10 m/s 
no   flow 

-12.5  ±   0.7 -51.3 =  1.8 

10 m/s 
flow with wind 

-17.4  -   1.0 -67.9  =  2.8 

10 m/s 

flow against wind 
-6.5 ±  0.8 -29.4 =  5.3 

The  Doppler  spread,   which   is  defined here   to  be  equal   to  the 

half-power width,   in hertz,   of   the measured  spectra also   showed no 

significant  variation with  position along   the  false bottom.     The means 

and  standard  deviations of  the  Doppler-spread data are  tabulated  in 

Table  3. 

4.       Cross-Section Variation with Wind  Speed 

In order  to see   the  effects of  various wind  speeds  on cross 

section,   Doppler  shift,   ano   Doppler  spread,   the radars were  aimed at a 

16 
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Table 3 

MEAN AND STANDARD DEVIATION OF HALF-POWER 

DOPPLER SPREAD ALONG FALSE BOTTOM 

(Flow conditions are the same aa LUT  data 

in Figures 6 through 9) 

Doppler  Spread 
(Mean  1   Standard  Deviation) 

Condition (Hz) 

X-Band K  -Band 
a 

5 m/s 4.5 ±  1.4 14.1  ±  3.5 

no   f1ow 

5 m/s 6.0 ±  1.2 21.3  +  3.1 

flow with wind 

5 m/s 5.1  ±  1.2 18.8 ±  2.7 

flow against wind 

10 m/s 7.1  ±  1.7 33.5  ±  5.1 

no   flow 

10 m/s 8.1  +  0.9 30.9 ±  5.7 

flow with wind 

10 m/s 10.6 ±  1.3 38.5 ±  7.7 

flow against wind 

natch over the central maximum on the false bottom and the wind speed 

and incident angle were varied.  This was done largely to check the 

accuracy of a theoretical prediction" that has been made for the 

variation of cross section under certain How conditions.  The cross 

sections that were obtained for various wind speeds are plotted in 

Figures 10 through 13. These curves have also been normalized to the 

no-flow cross sections.  The water flow velocities due to the pump are 

the same as for the data presented earlier.  The normalized curves 

change rapidly for a wind speed of less than about 5 m/s because of a 

17 
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tt-ndency   for  the   induced  current   to  perturb  the waves   in  regions  where 

they are  developing.     The   induced  current  retards or  speeds up  the 

development of  the wave  spectra  at  any particular  fetch  and  correspond- 

ing wind  speed.     These  curves   indicate   that  for   incident angles  of  both 

45°  and  70°   (as measured  from   the horizontal),   the  cross   section  tends 

to  be  greater when the water   is  being pumped against  the wind   than when 

it   is  being pumped with   the wind,   at   least  over   the range of wind  speeds 

indicated  in  the plots. 

5.       Wind  Speed  Dependence  of  Doppler Shift and  Spread 

The mean Doppler  shifts   for  the conditions described   in   the 

preceding  section are plotted   in Figures  14  through  17.     The principal 

effects  seen  in  these plots are   the  expected   tendencies of   the   flow- 

with-wind  condition  to produce   t'l«   largest Doppler  shifts,   and  of   the 

flow-against-wind  condition  to  produce   the  smallest  Doppler   shifts. 

The   corresponding  Doppler-spread  data are  summarized   in Table  4.     The 

Doppler  spread  tends   to   increase  linearly with wind speed,  which   is 

intuitively reasonable because   the  surface  becomes rougher with   in- 

creasing wind  speed and  larger   "dominant" waves develop.     The   Doppler 

spread  can be  related  to  the  orbital  velocity of  the dominant wave." 

D.       Wavestaff Results 

Wavestaff  data have been  taken using a   single  resistance-wire probe 

at eight positions along  the  false  bottom  for wind  speeds of  5 m/s  and 

10 m/s.     The positions  correspond   to   those on the water  surface   that 

had been  illuminated by   the radars.     Typical  results are  shown  in 

Figure  18   (these results were measured 6  feet  from  the  leading edge of 

the  false  bottom;   see Figure  19).     It  can be  seen  that   die  largest- 

amplitude dominant waves are produced when the water   is pumped away 

from   the  beach,   and   the  lowest-amplitude dominant waves  are produced 

20 

-'— — '       ^-—  



wj**mi*mmmmmmmmmmmmmm*t**il^ ,    , .,. .      ... 1.1..       i      i    mm wmm 

% c 
in z 
rl < 
■J cc 
(0 

X 

So 
r~ 

LU 
u   " 
2 « 
IXI 
Q oc 
z o 
LU   LL 
a. 
HI   |_ 
Q u. 

S5 
^S W   UJ 

1   -J 
D 0. 
Z ?; - O 
§ S 

•p        «?       1 

ZH — XdlHS H31dd0a 

01 Q n Z 
n < 
< CO 

1 
in X 

Ui 

M ffi • E 
1 Q   CC 

z o 
Q LU   u. 

a. 
ui K 

(L Q u- 
in 

Q 
Z 

3 

is 5 a 

(J 

ZH — idlHS  b31ddOa 

21 

■ 

■-^  ■ - - 



,,-.-.„..,.,.!!        _    ..,, ,..,1, >" '••■ 

. 

2H — idlHS uaiddoo 

1 Q M Z 
in 
H < 

CD 
4 t 

w 

LU 

E 5" 
Q  OC 
z O 

n LU   u. 
in a. 
LU tu  K 
Q. 
M Q u. 

n Q S 
? Uj   </5 

3 

§ S 

cr 
D 

u_ 

•' 

< 
to 

O 
LU 
UJ 
CL 
V) 

Q 
Z 

8 S f 

^H — IdlHS ygnddoa 

O 
z 
< 
GO 

l 

^ 

O ifl 

LU 
(J 

LU ^ 
Q cr 
z o 
UJ LL a. 
5 |- Q LL 

a 
LU 
LU 
Q. 
t/) 

l 
Q 
2 

cr 

X 

22 

MIÜIÜlHittilÜI ^^. „,_ 



r m*m*^*mm ii i i i iHimmmm^mi <m 

£ 
uT. 

Z 
3 

CO 

c 
o 
o 

snun AjBJiiqjB — SNOIiVniDmd  1H0I3H  3AVM 

dO AilSNaa lVUlCi3dS H3MOd  >IV3d 

<3 

S; n 
n 
< 

O |- 
H 
o 
cu 

aj 

a 
z 
0 

u 
< 
M 

e 
UJ   UJ 
Q I 

< cj 
EC Z 
H o 
Ü _J 
UJ < 

« M 

UJ O 

5 H 
P in 1 o 
u. a- 
O K 5 
ui < O 
3 w P 
rf S o < O   CD 

R uj 
X U   (/) 
< Z   -I 
UJ 3   < 
Q. LL   LL 

UJ 
tr 
3 

1 \^ fr z                           ' 
5 

IS 

i x D t \ 
Z 

5 5 
o 

LL      ^^^"^^ ^^ 

\ 

z 

-J 
LL \ 

< z   N 

O 
<s -I 

S \      < > 1 
o \ UJ 
_i \ -1 1 
\i. 

\
   

 N
O

IS
E

 

£ 

II 

Z 

2   i 

u 
2 
UJ 
3 
a 
UJ 

K 

01 n 
in X 
n (- 
< 

K 
O  (Si 
"- ?" 
Q2 
UJ  \- 

Si 
< ^ UJ  O 

5 K 
M   Z 
Q   LU 
to cr 
a  oc 
u. 3 

ai y 

it 
•-_ O T PJ c 

O O I ' l ^ i: o o o 

sNouvniomd IHOIJH 3AVM do tia/wod SAUVISU 

23 

•^7 
I 



HVW-~Mm*ll   .min **nmmw**^'^ipmmmfm0 *^mmm*mmmmmmmmmmmmmmmmmmmmi^^mmm*mmimmmmK'mmiii***~'m,>^m •'■" 

Table 4 

DOPPLER  SPREAD  FOR VARIOUS   CONDITIONS--LINEAR  FIT  TO  DATA 
lüoppler  Spread   (Hz)  = A X Windspeed   (m/s) 

for wind  speed   less   than  12 m/s] 

Microwave Frequency 
and 

Incident Angle 

Parameter A 

Flow Against 
Wind 

Flow with Wind, 
and No  Flow 

X-band 

e = 45° 

X-band 
e = 70° 

Ka-band 

e = 45° 

Ka-band 
9   =  70° 

1.1 

0.8 

4.0 

2.9 

0.7 

0.5 

2.9 

2.1 

when  the water   is pumped   toward  the beach.     The   fetch  dependence  of  the 

dominant wave  is  shown  in Figure  19.     The   frequencies at which  the wave- 

staff   spectra  peak are approximately   independent of  fetch;   these  fre- 

quencies  are  designated   in Figure  19. 

There  does  not appear   to be as  strong a   fetch  dependence   for a 

10-m/s wind  speed.     This may be  because   the waves build up more rapidly 

at  the higher wind  speed,   and  tend  to  be more  nearly  saturated  than at 

the  lower  speed. 

There  is a   tendency   for a   "bump"  to be present  in  the wavestaff 

spectra  at   the  second harmonic of   the  dominant  frequency  for   the  various 

flow conditions.     This   "second harmonic" effect has  been observed and 

discussed  in an earlier  study.3 

1 
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Figure   20  is a  plot of   the magnitude  and phase  of  the cross   spectrum 

(i.e.,   the  Fourier  transform of   the  cross-correlation  function)   for   two 

wavestaff  probes   that were  separated  0.94  cm along  the   length  of   the 

tank   (i.e.,   parallel   to   the   flow),   and  0.34  cm  along   the  width  of   the 

tank   (i.e.,   perpendicular   to   the   flow).     This plot  is   for a wind  speed 

of   10 m/s   and   for   the   no-flow  condition,   with   the  probes   located   slightly 

10 20 30 

FREQUENCY — Hz 

40 

FIGURE  20      PHASE DIFFERENCE  BETWEEN  TWO SPATIALLY SEPARATED 

FOR  A WIND SPEED OF  10 m/s 

SA 3539  25 

PROBES 
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upwind  of  the   false  bottom.     The  phase   is approximately a   linear   function 

of   frequency  out   to  at  least   18 Hz.     This   implies   that all   wave  components 

in   this  range   travel  at   the  same phase  velocity.     This phase  velocity may 

be  easily  found,   assuming  that   the   flow between a  given pair of wavestaffs 

that are  separated a  distance  6     in  the direction of  flow is one-dimensional, 

by   the  relation 

lu 6 

U = 
cp 

Here,   U  is   the   total  velocity  of   the wave   (drift  velocity,   if any,  p'js 

phase  velocity),   and uu  is   the angular  frequency.     Finding uu/cp from 

Figure  20 and  substituting  it   into  this   formula  gives U = 68 cm/s. 

The  drift  velocity  at   the  surface due   to a   10-m/s wind  is aTproximately 

10 cm/s,   and   the phase  velocity  of   the waves   in Figure  20  is  about 

58 cm/s.     This   is   the velocity of a wave  at a   frequency of  2.6 Hz, 

according    o   the  dispersion relation for gravity waves.     It  is  concluded 

that all   the wave  components  observed with   the wavestaffs   (at  least 

below  18 Hz)  are   "locked" or   "parasitic"  to   the  fundamental or  dominant 

wave.     This  effect has  also  been observed   in an earlier  study.3     The 

observed  total   veljcity of  68 cm/s   is more   than a   factor of  2 higher 

than   the  velocities  of   the waves  responsible   for   the  bulk of  the   radar 

return at both X-band and K  -band.     It will  be  shown  that   the  dominant 
a 

wave and the components that are locked to it contribute very little 

to the radar return.  Most of the radar return will be shown to be due 

to capillary waves, which travel at velocities independent of the 

longer gravity waves that dominate the wavestaff spectra. 

On the basis of the previous analysis, the measured wavestaff data, 

of the type shown in Figure 18, were assumed to be transported at the 

velocity of the dominant wave plus the drift velocity.  In this ay, 

the frequency spectra were converted to wavenumber spectra.  For example, 

26 
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for  a   5-m/s  wind  with   flow against  wind,   the   frequency   spectrum  peaks 

at   1.6 Hz.     This apparent   frequency   f    will  differ  from  the   frequency 

in  the   '"moving water" due   to   the  surface  drift  current U     CU    =     22 + 
D       D 

5 =   -17  cm/s)   by   the  relation 

f  =  f U(f) 
a   (U(f)   + UD] 

By interaction, f can be found to be 2 Hz and U(f) 76 cm/s.  Thus, the 

total velocity, including the effect of the drift current of -17 cm/s, 

is 59 cm/s.  The total current can relate apparent frequency components 

to wavenumbers by the relation: 

w       U(f) 

2jif 

[U(f) + u   ] 
o 

I 

Using   this relation,   the  data   in Figure   18 were  plotted againat wave- 

number as   shown  in Figure  21.     To  a  good approximation,  k    =  0.11   f 
w a 

for all   the  data  at U    =  5 m/s.     For   the  data  at U    =10 m/s,   k    = 
w N a 

0.086   ^   for  no   flow,   0.076   f     for   flow against wind,   and  0.084  f 
a a 

for  flow with wind.     The  10-m/s  data  have also  been plotted  in Figure  21 

It  can be  seen  that   there   is  very  little  difference   in  the wavenumber 

spectra  due   to  changing wind except at   low wavenumbers.     The  spectra 

continue  to grow at  low wavenumbers  and appear   "saturated" at higher 

wavenumbers.     The   induced  current  influences   the  spectra  at all wave- 

numbers. 

(The high-wavenumber  ends  of   the   spectra have  not been plotted   in 

Figure  21  because  they are dominated by  instrument noise  that appears 

27 
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differently for each curve.  For example, if all curves have a slightly 

different total velocity, the 60-Hz noise spike will show up at dif- 

ferent wavenumbers for each condit-ion.) 

Since wavestaff data suggest that all the measured wave structure is 

moving at the velocity of the convected dominant wave, the microwave Doppler 

data were examined to see if the structure responsible for most of the back- 

scatter was also traveling at that velocity, or at the velocity predicted 

by the dispersion relation.  (The dispersion relation is shown in the 

Appendix.)  It is important to know the relative extent to which microwaves 

scatter from parasitic and "free" waves.  Figure 22 shows a comparison of 

the measured Doppler shift with the two corresponding calculated values. 

It is clear that microwaves scatter predominantly from the free waves. 

The backscatter spectra were also examined to see if any signal 

could be detected at the Doppler frequency predicted for the parasitics. 

In ii.ll   cases the signal could not be found, either because of the spread 

in the spectrum or because it was more than 30 dB below the pck.  It 

was concluded that scattering by parasitic waves was negligible in this 

study. 

The data shown in Figure 22 are in groups of three.  In all cases, 

the lowest measured Doppler is due to flow against the wind and the 

highest is due to flow with the wind.  Notice that the calculation based 

on the velocity of the dominant wave is approximately independent of 

current flow.  This is because flow against the wind produces a larger 

(longer wavelength) wave that moves faster in still water but at almost 

the same total velocity in the water being pumped upwind.  Similarly, 

flow with the wind produces a shorter-wavelength, slower dominant wave 

that reaches the same total velocity only because it is convected down- 

wind by the (5 cm/s or 10 cm/s) induced current. 
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IV PREDICTED PERTURBATION OF CROSS SECTION 

- 

Physical Dynamics, Inc. (PDI) has supplied SRI with predictions of 

the perturbation to the wavenumber spectrum caused by a "favorable" 

(flow-with-wind) or "adverse" (flow-against-wind) current. » ' 

Basically, these calculations predict that the greatest effect occurs 

at wavenumbers where the spectrum is developing.  The perturbation at 

low wavenumbers is referred to as a "current gradient effect," and the 

perturbation at high wavenumbers is referred to as the "cutoff pertur- 

bati -n." Thus, the wavenumbtrs affected by an induced cwrrent can be 

expected to depend on the fetch and windspeed. 

The PDI calculation show the perturbed spectrum Y normalized by the 

corresponding spectrum without flow, Y .  This ratio of spectra should 

be directly related to similar ratios of cross section.  Figures 23 to 

26 show the calculated perturbation to the spectra along the length of 

the tank. The x coordinate in these figures is measured in feet relative 

to the leading edge of the false bottom.  The wavenumbers for each of 

these four figures correspond roughly to those for which X-band and 

K -band data were given in Figures 6 through 9.  Figures 23 and 24, which 
a 

are for approximately the same wavenumber (corresponding to X-band scatter 

for 9 = 45°), show the effects of currents for wind speeds of 5-m/s and 

10-m/s. As the wind increases, particular wavenumbers are perturbed at 

shorter fetches, because waves at any particular wavenumber are develop- 

ing at shorter fetches.  Similar behavior is also seen in Figures 25 

and 26 (Figures 25 and 26 are also for approximately the same wavenumber). 

In Figure 26, the perturbation has apparently moved to a shorter fetch 

which is net near the false bottom, and consequently does not see the 

induced current effect. 

T 
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For a   5 m/s wind,   the X-band  flow-against-wind  cross  section, 

shown  in  Figure  23,   is  predicted  to be about  l  dB greater  than  the no- 

flow cross  section at   the  upward end  of   the measurement  region,   fall   to 

about   0  dB at   the   6-foot  position,   and  rise   to about  +1   dB again at   the 

downwind  end of   the   false bottom.     That   is,  virtually   no  change  is 

predicted across   tie measurement  region;   the  corresponding measured  data 

in Figure  6 does  show   such a   tendency.     For  the  same wind  speed,   the 

X-band   flow-with-wind   cross   section is predicted   to  be about  2 dB below 

the no-flow cross   section at  the upwind  end of   the measurement region, 

and  to  increase  to  about  0 dB at  the drunwind  end of   the measurement 

region.     Similar  behavior   is  seen  in  the measured  data  of  Figure 6. 

For a   10 m/s  wind,   the X-band  flow-with-wind and   flow-against-wind 

cross   sections are  both  predicted  to  be approximately  equal   to   the  no- 

flow cross   section along  the  length of   the measurement  region,  as   seen 

in Figure  24.    This  behavior  is  seen   in  the  flow-against-wind data  of 

Figure  7,   although   the   flow-with-wind  data  shows  a   slight  tendency   to 

decrease   toward  the  downwind end of  the measurement  region   (it  is about 

1.5 dB below  the no-flow data at  the downwind  end  of   the region,   in 

Figure  7). 

The K  -band  5-m/s   flow-with-wind  cross  section  is predicted  to 

increase  from  -4 dB at   the upwind end  of  the measurement region to about 

0 dB at   the downwind  end,   as  shown  in Figure  25.     Similar behavior   is 

seen  in  the measured   data  of Figure  8.     The  corresponding  flow-against- 

wind cross  section  is  predicted  to be  approximately  -, «1   to  the no-flow 

cross   section across   the measurement  region;   the measured data of 

Figure  8  shows a   tendency   to  resemble   the behavior  of   the  flow-with- 

wind data  rather   than  the  no-flov data.     The discrepancy,  although  not 

dramatic,   is most  noticeable  at  the upwind end,   where  It  is approximately 

5  dB. 

L ■ 
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The K  -band  10-m/s  cross  sections  are predicted   to  be approximately 
a 

equal   to   the  no-flow  cross  section,   across   the measurement region,   as 

seen  in Figure  26.     The measured data  of  Figure  9  shows  a   similar  lack 

of variation across   the measurement  region,  although   the  flow-against- 

wind  data   is   seen  to  be about 3  dB higher  than predicted and  the   flow- 

with-wind data   is   1.5  dB  lower  than predicted at   the  downwind end. 

Figure  27   shows   the  calculated  and measured perturbation at  two 

positions  on  the  false  bottom,  plotted  against wavenumber.    The measure- 

ments,  made at   two  angles  of  incidence  and at   two   frequencies,   enabled 

a  check   to be made  of   this prediction at   four wavenumbers.     It  is  clear 

that  the predicted  15-dB enhancement   in cross   section at  the  lowest 

UN = 5 m/s;  U. ■ 19 cm/s FLOW AGAINST WIND 
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wavenumber   (X-band,   9   =  70°,  k    =1.43  cm"   ),   at a position 4.2  ft   from 
w 

the  leading edge of   the  false bottom was  not observed.     Only a   2-dB 

enhancement was  observed.     The predicted  and measured perturbations   In 

cross   section at   the other   three wavenumbers are more  nearly   In agree- 

ment,   as   seen  In Figure   27,   than at   the  lowest wavenumber.     (The cal- 

culations   in Figure   27  were  for an adverse   flow;   no  similar calculation 

with wavenuip^er  .is a parameter was made   for a   favorable  flow.) 
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V     CONCLUSIONS 

Measurements  have   been made   to establish  the  effect  of  induced 

current  on  backscatter   from wind-driven waves.     A varity  of microwave 

measurements  were made;   diagnostic  wave-height  measurements  were  made 

using resistance-wire wavestaffs.     The  effect of   the   induced  current   is 

readily apparent on wavestaff-measured  spectra  and   in microwave Doppler- 

shift  data.     Perturbations   in  the  radar  backscatter  cross-sections  due 

to a 4ü-cm/s  change   in   the   induced current were  also observed.    However, 

perturbations   in cross   section due   to   induced current modulation caused 

by  the  corrugations   in  the  false bottom were not observed.     Backscatter 

cross  section perturbations were  compared   to a  theoretical prediction by 

Physical   Dynamics,   Inc.   (PDI). 

In general,   the measured  variation of  cross   section across   the 

measurement  region was   in approximate agreement with  the PDI prediction. 

The most  serious discrepancy between  the measured and predicted cross 

section perturbations  occurred at a position 4.2  ft downwind from  the 
-1 

leading edge  of   the   false  bottom,   for a wavenumber  k^ at  1.43 cm     . 

In  this  case,   the measured perturbation   (2  dB) was much   lower  than  the 

predicted perturbation   (15 dB).     Generally,   large  perturbations were 

not observed at  the   fetches where measurements were made,  whether 

predicted or  not. 

On the average,   for  10-m/s wind at X-band,   the  cross-section data 

for   flow against  the wind was about  2-dB higher   than  for  flow with   the 

wind.     That   is,   a   total  change of  2-dB was  observed  for a  change   in 

induced current of about 40-cm/s.     For   the K  -band  data,   the  total   ciange 

was about 4-dB  for a  40-cm/s  current  change.     The  corresponding changes 

in cross   section  for  5 m/s wind were  similar at X-band and negligible at 
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K  -band.     In view of   the observed change  in cross   section  for a 40-cm/s 
a 

change   in  current,   it   is  not   surprising   that  no perturbation was  detected 

that  coincided with   the  corrugations of   the  false  bottom,  which produced 

current   "modulation" of about  5-cm/s. 

One cross-correlation measurement  between a  pair  of wavestaffs 

indicated  that   the wave  components measured with  the wavestaffs were 

being convected at   the  velocity of   the dominant wave.     This agrees with 

earlier measurements and   implies  that   the wavestaffs are predominantly 

measuring parasitic waves  over most of   the   low-frequency portions  of   the 

spectra.     The microwave   Dopplor-shift  data   indicate   that   the radars are 

scattering  from  free waves,   traveling at   their own dispersion  velocity 

rather  than at  the  velocity of  the dominant waves.     In order  to establish 

the relative   importance  of parasitic  and   free wave  components  responsible 

for backscatter,  wavestaff measurements with more  dynamic  range would be 

required.     From  the wavestaff and micro- ave measurements,   it  is apparent 

that any   theory which  relates  cross  section  to  the wave  components must 

distinguish  between scattering  from free  aid parasitic waver.. 
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VI     RECOMMENDATIONS 

The measurements  and  theoretical   calculations  discussed  in  this 

report are   in disagreement at   low wavenumbers   (see  Figure   27).     The 

reason for  the  disagrc:;..ent   is  not clear.     More  detailed measurements 

at  other  locations   in  the  tank  could determine   if and where   the  sig- 

nificant perturbations  occurred,   and how  large   they were.      (Note  that 

significant perturbations were   in many  cases  predicted   to occur upwind 

of   the measurement  region,   where   the  spectra  were  developing.)    The 

idea   that   the perturbation occurred at wavenumbers where   the  spectra 

were developing  could be  checked by careful  wavestaff measurements of 

the wavenumber   spectra.     The 4-ft wavelength   corrugations  on  the  false 

bottom are now  felt  to produce a perturbation  that   is  not  very  signif- 

icant.    PDI has   suggested an experiment  in which   the   false  bottom  Is 

contoured  to produce  currents   that  .simulate   the  orbital   velocity of 

swell, with  as   long a wavelength  as practicable.     Such   induced  currents 

should produce  an  interaction with meter waves,     unly an  insignificant 

term,  proportional   to   /K/k,   that  represents   the  effect  of  gravity would 

be   ignored   in   the   simulation.     (The wavenumbers  of   the  swell  and meter 

waves are  K and k,   respectively.)    The  interaction with  short waves  that 

are  responsible   for microwave  scatter  is predicted   to  vary  linearly with 

the meter-wave perturbation,   and  the measurements would  give  the value 

of   the coupling  coefficient describing  this   interaction.     It   is  felt  that 

such an experiment would  be  beneficial  because   the   interaction of  swell 

and meter waves   is   felt   to  be well  understood,   but   the  coupling  to  the 

capillaries   is more difficult   to establish. 

Finally,   while measurements at large angles  of  incidence are useful 

for checking  theoretical   predictions,  experimental  backscatter data 
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obtained at  small   angles  of   incidence would be  valuable.     Such measure- 

ments  could be made   in  the wind-wave   tank.     Resolution of  about  8  ft 

can be  obtained   for  angles  of  incidence of about   5  dr-rees.     As an 

additional  benefit,   induced  currents  could be pumped  over a  section of 

false bottom  that  was  as   large as   the  scattering  area,   and empirical 

data  could be obtained   that would  specify  the effects  of  currents at 

or near grazing   incidence. 
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Appendix 

WAVE  DISPERSION 

' 
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Appendix 

WAVF   DISPERSION 

Figure A-l   shows   the   frequency dependence of  velocity U(f) and 

wavenumber k   (f) when  surface   tension  is   important,   based  on  relations 

in Kinsman:' 

U   (f)  = g/k    + Tk /p 
W w 

(A-l) 

" 

where g  is   the acceleration due   to  gravity;  T  is   the   surface   tension, 

taken as   74 dynes/cm;   and   p   is  density.     It  is convenient   to  calculate 

10 100 

FREQUENCY, f — Hz 

1,000 10,000 

SA -3539-33 

FIGURE  A-1      VELOCITY  AND WAVENUMBER  DEPENDENCE  ON  FREOUENCY 
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U  and   f   from  the above   formula,   using ^ as   the  independent variable, 

and   the   following relation: 

f = uA 
w 

Uk  /2 
w 

(A-2) 

' 
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